Parity-time (PT) symmetry breaking provides an excellent tool for single-mode oscillation by exploiting the interplay between gain and loss. Previously, the oscillation mode is fixed because the breaking of PT symmetry cannot be manipulated precisely. In this paper, we propose and experimentally demonstrate a selective PT-symmetry optoelectronic oscillator (OEO), which shows wideband tunability and ultra-high side mode suppression ratio (SMSR). The tunability of the proposed OEO is attributed to selection of different modes to break PT symmetry by using a widely tunable microwave photonic filter (MPF). The large roll-off of the MPF greatly enhances the gain difference between the selected mode and competing modes. Consequently, both the output power and the SMSR of the OEO are increased. In the experiment, the oscillation frequency can be tuned over 40 GHz. The output power of the selected mode is enhanced by 12.91 dB, and the maximal SMSR is as high as 71.41 dB. Further, the measured phase noise of the OEO at 17.74 GHz is -129 dBc/Hz at the 10 kHz offset frequency. Exploration of the selective PT-symmetry breaking provides the possibility of developing classes of widely tunable OEOs with ultra-high SMSR and excellent phase noise performance.
INTRODUCTION
The generation of a microwave signal with a low phase noise and wideband tunability is of great importance for applications such as communications, radars and electronic warfare systems [1, 2] . The traditional electronic oscillator can generate a microwave signal with a low phase noise only at low frequencies [3] . In order to obtain microwave signals with high frequencies, frequency multiplication has to be used and the phase noise will be deteriorated greatly [4] [5] [6] [7] .
Optoelectronic oscillators (OEOs) are promising solutions for generating microwave signals with low phase noise and wideband tunability, and the phase noise performance will not be deteriorated with the increase of frequency in theory [8] [9] [10] [11] [12] . The low phase noise is ensured by the high Q factor of the OEO cavity with a long fiber. For example, the state of art OEO can generate a 10-GHz microwave signal with a phase noise as low as -163 dBc/Hz at 6 kHz offset frequency by using a 16-km long fiber delay line in the OEO loop [13] . However, the long fiber loop results in ultra-narrow eigenmodes frequency spacing. Therefore, an ultra-narrow electrical bandpass filter (EBF) is required to achieve single-mode oscillation [10, 14] . However, it is still quite challenging to realize an EBF with narrow enough bandwidth and hence the mode hopping is quite difficult to be effectively suppressed. To overcome the mode hopping, dual-loop OEOs that use the Vernier effect have been adopted [15, 16] . Actually, the dual-loop structure is equivalent to a two-tap microwave photonic filter (MPF), which cannot effectively suppress the competing modes and ensure stable oscillation. Moreover, the central frequency of the ultra-narrow EBF is usually fixed, and the oscillation frequency of the EBF-based OEO is fixed. In order to realize a tunable OEO and effectively suppress the mode hopping, a tunable microwave filter with ultra-narrow passband is badly needed. A tunable MPF with 3-dB bandwidth of only 150 kHz has been incorporated in the OEO to suppress the competing modes [12] . Owing to the tunability of the MPF, the OEO can be tuned from 0 to 40 GHz. However, the phase noise is deteriorated by the amplified spontaneous emission noise of the semiconductor optical amplifier.
As an important supplementary to mode selection, parity-time (PT) symmetry was initially exploited in single-mode lasers [17] [18] [19] [20] [21] and electronic oscillators [22] . Through precise manipulation of the gain, loss and the coupling ratio between the cross-coupled cavities, PT symmetry can be broken for a specific eigenmode. Therefore, a stable single-mode oscillation can be achieved [17, 18] . Recently, the PT symmetry breaking was demonstrated in OEOs [24, 25] . A 9.8-GHz microwave signal with a phase noise as low as -142 dBc/Hz [24] , and a 4.07-GHz microwave signal with a phase noise as low as -139 dBc/Hz [25] at 10 kHz offset frequency were generated respectively. However, the oscillation frequency is fixed and cannot be tuned because the mode with the PT-symmetry breaking cannot be manipulated.
In this paper, we propose and demonstrate a widely tunable OEO based on the selective PT-symmetry breaking. Here, only the selected mode can break the PT symmetry and oscillate successfully, while other modes neither decay nor grow, but rather remain neutral. It should be stressed that the mode of breaking PT-symmetry can be manipulated. By selecting a different mode to break PT symmetry, the oscillation mode of OEO can be changed. Hence, the oscillation frequency of the proposed OEO can be tuned. In our proposed OEO, the selective PT-symmetry breaking is achieved by using a widely tunable MPF which is realized by using stimulated Brillouin scattering (SBS) [26] . Two cross-coupled optoelectronic hybrid cavities with identical loop length are designed to provide a test bed for PT symmetry. Through precisely manipulating the gain, loss and the coupling ratio between the cross-coupled cavities, PT symmetry can be broken only for the selected mode with peak gain. Thus, the selected mode is then to oscillate and single-mode oscillation can be achieved [18] . In addition, a MPF with large roll-off can further enhance the gain difference between the selected mode and competing modes in the PTsymmetric system, which makes the selected mode to oscillate more easily compared with the PT-symmetry OEO without using a MPF. Simultaneously, the selective breaking of PT symmetry can effectively increase the maximum output power by 12.91 dB in the desired mode due to the enhanced gain difference compared with the case without PT symmetry. Owing to the excellent mode selectivity of the PTsymmetry breaking, we achieve a pure stable microwave signal at 17.74 GHz with a 71.41-dB side mode suppression ratio (SMSR) in the case of 1-km loop length. To the best of our knowledge, this is the highest SMSR in widely tunable OEOs that have been previously demonstrated. The measured phase noise of the OEO with 2-km loop length is -129 dBc/Hz at the 10 kHz offset frequency. By tuning the central frequency of the MPF to select different modes, the oscillation frequency can be tuned from 0 to 40 GHz. It should be noted that the frequency tuning range of the proposed OEO is only subjected to the bandwidths of the phase modulator (PM), photodector (PD) and electrical amplifier (EA). If these devices with larger bandwidths were used, the tunability of the OEO could be further improved. Fig. 1 shows the block diagram of the widely tunable OEO based on selective PT-symmetry breaking. The continuous wave (CW) light emitted from a laser diode (LD) is launched into a PM via a polarization controller (PC1). Then the phase modulated signal is fed into a 1-km high nonlinear fiber (HNLF) via an isolator, which is used to block the counter-propagating optical wave. The pump light emitted from a tunable laser diode (TLD) and is launched into the HNLF via the optical circulator. Hence, a bandpass MPF based on SBS is achieved. To exploit the PT-symmetry, two identical and cross-coupled optoelectronic hybrid cavities are designed. One cavity has a gain and the other has a loss of the same magnitude. This is achieved by using PC3 and a polarization beam splitter (PBS) to split the optical signal into two channels. By adjusting PC3, the power splitting ratio after the PBS can be continuously adjusted. Therefore, the coupling ratio between the dual loops can be adjusted from 0% to 100% by adjusting PC3 [27] . Then, the two optical signals with tunable power splitting ratio are sent to a balanced photodetector (BPD) to recover the microwave signal. It should be noted that an additional advantage of using the BPD is that the phase noise of the OEO can be reduced by cancelling the relative intensity noise from the LDs [24] . Considering that the identical loop length in the dual loops is essential to satisfy PT symmetry, we insert two optical tunable delay lines (OTDLs) to ensure the same loop length in both cavities. The recovered microwave signal from the BPD is amplified by an electrical amplifier (EA) via a combiner and then launched into a splitter, one of which is fed back to the PM for recirculation, and the other is fed into an electrical spectrum analyzer (ESA) for measurement.
RESULTS
Under PT symmetry, all modes will not oscillate because the eigenmode of the PT-symmetry system remains neutral, even though the gain and the loss are present [17, [28] [29] [30] . However, by tuning PC3 to make the gain/loss above a certain threshold, PT symmetry can be spontaneously broken for the mode with the peak gain. Thus, this mode experiences gain to oscillate while the rest of the modes remain neutral. The incorporated MPF with large roll-off can enhance the gain difference between the selected mode and competing modes and increase the output power of the OEO. The corresponding eigenfrequency is determined by the central frequency of the MPF. Accordingly, the oscillation frequency of the proposed PT-symmetric OEO can be widely tuned.
Theoretically, the coupling equations of the eigenmodes in the two cross-coupled cavities are given by
where Gn and An represent the amplitudes of the nth mode in the gain and loss loops, ωn is the angular frequency of the nth mode in the two loops without PT symmetry,  is the coupling coefficient between the two loops, and g and α are the net gain rate and loss rate in each loop, respectively. According to Eq. (1), the eigen frequencies of the system can be derived as
Under PT symmetry, g = α, then Eq. 2 can be simplified to
.
It can be observed from Eq. (3) that when the gain/loss is smaller than the coupling ratio , the system emerges frequency splitting, shown as the grey dotted line in Fig. 2 . These modes neither decay nor grow, but rather remain neutral [17] . By contrast, once the gain of one specific mode exceeds , this symmetry is broken and a conjugate pair of amplifying and decaying modes at the same frequency appears. The amplifying mode experiences a much higher gain compared with the rest modes and oscillates stably. It should be stressed that the oscillation frequency is determined by the central frequency of the MPF (see Fig. 2 blue solid line) [31] . In a traditional OEO, the single mode oscillation only occurs on condition that the net loop gain exceeds 1 for a specific mode. Obviously, this impose stringent constraint on the operating condition, especially in the case of closely mode spacing and large open-loop response bandwidth. As shown in Fig. 2 , the oscillation-mode gain difference can be described as
where gmax and gsub_max are the highest gain and the next-highest mode gain. Take the proposed OEO with 1-km loop length for example, the mode spacing is only about 200 kHz, and the gain difference between the two adjacent modes is too small to ensure single mode oscillation. However, the selective PT-symmetry breaking can be used to greatly enhance the oscillation-mode gain difference between competing modes [17] . According to Eq. (2), the maximum achievable gain difference can be derived and expressed as Given that gmax>gsub_max, the selective PT-symmetry breaking can therefore increase the available amplification for single-mode operation. Accordingly, the MPF with large roll-off can definitely increase Δg, and will further enhance the gain difference ΔgPT_max between the selected mode and competing modes in PT-symmetry OEO. This is an important advantage compared with the previously proposed PT-symmetry OEOs, in which no microwave filtering with large roll-off is used. Consequently, the selective PT-symmetry breaking makes the desired mode to oscillate more easily compared with the previously proposed PT-symmetry OEOs. In addition, the selective breaking of PT symmetry can effectively enhance both the maximum output power and the SMSR of the desired mode on account of the larger gain difference.
In the experiment, we test the OEO with about 1-km loop length. The wavelengths of the signal and pump waves are 1550.12 nm and 1549.9 nm, respectively. The optical pump power before the HNLF is 13 dBm. It should be noted that the 1-km HNLF acts as both SBS media and delay line unit. After the SBS interaction between the pump wave and the phase modulated signal waves, the SBS-based MPF is obtained, shown as the red dotted curve in Fig. 3(a) . The 3-dB bandwidth of the MPF is 20 MHz, which contains hundreds of eigenmodes. The electrical spectrum of the OEO based on the SBS-based MPF without PT symmetry is measured by the ESA and the result is shown as the black curve in Fig. 3(a) . Clearly, it can be observed that serious mode competition exists and the maximum output power is -3.5 dBm. In order to achieve single-mode oscillation and suppress competing modes effectively, a microwave filter with 3-dB bandwidth less than 200 kHz, which is equal to the mode spacing of OEO, is demanded without incorporating PT-symmetry breaking.
To provide a suitable test bed for PT symmetry, we design a dualloop OEO with identical loop length. By tuning PC3, we can precisely manipulate one loop to have a gain and the other to have a loss of the same amplitude. Once the peak gain of the mode above gain/loss threshold , PT symmetry is broken for this mode, which experiences gain to oscillate successfully. This eigenfrequency is determined by the central frequency of the MPF. Due to the selective PT-symmetry breaking, we successfully achieved single mode oscillation at 17.74 GHz, as shown in Fig. 3(b) . The electrical spectrum measurement is performed with a span of 100 MHz and a resolution bandwidth (RBW) of 50 kHz. In order to observe the electrical spectrum more clearly, a zoomed-in view of the spectrum with a 1-MHz span is shown in Fig.  3(c) . The oscillation mode can be clearly identified and two sets of super modes can be also observed. This is caused by the slight length difference between the dual loops. Then we tuned the two OTDLs to reduce the dual-loop length offset. It can be observed that the two adjacent super modes get closer and the super modes are gradually suppressed during the tuning process. When the loop lengths of the dual loops are exactly identical, a perfect single-mode oscillation with SMSR as high as 71.41 dB is achieved, as shown in Fig. 3(d) . The maximum output power is 9.41 dBm, which is 12.91 dB higher than that without PT symmetry. The ultra-high SMSR and output power are attributed to the fact that the selective PT-symmetry breaking can greatly enhance the mode gain difference between the selected mode and the competing modes.
From previous analysis, the selective PT-symmetry breaking can select a desired mode to oscillate. Thus, the proposed selective PTsymmetry OEO exhibits excellent tunability due to the widely tunable MPF. By changing the central frequency of the MPF, the oscillation frequency can be tuned from 0 to 40 GHz, as shown in Fig. 4 . It should be stressed that the frequency tuning range of the proposed OEO is only subjected to the bandwidths of the PM, PD and EA. If these devices with larger bandwidths were used, the tunable range of the OEO could be further enlarged. In Fig. 4 , some microwave spurs can be also observed. These spurs are just high-order harmonics caused by the nonlinearity in the OEO loop. The phase noises of microwave signals with different frequencies are also measured by the ESA. Fig. 5 shows the phase noise when the oscillation frequency is 7.82 (black curve) and 17.74GHz (red curve) respectively. At 10 kHz frequency offset, the corresponding phase noises are -123 and -119 dBc/Hz respectively, and the side mode noises are all below -100 dBc/Hz, indicating that the selective PTsymmetry breaking possesses strong mode selectivity. According to Eq. (5), the MPF with large roll-off can further enhance the oscillationmode gain difference with respect to the competing modes in PTsymmetry OEO. Therefore, the competing modes are further suppressed.
DISCUSSION
In traditional OEOs, an ultra-narrow passband electrical filter or MPF is essential to ensure single mode oscillation. However, it is usually quite challenging to achieve a microwave filter with narrow enough passband. Therefore, the previously reported OEO based on filtering technique showed a relatively poor SMSR and high side-mode noise when the fiber delay is large. Meanwhile, the PT-symmetry breaking has been proved an excellent tool for the oscillation modes selection. However, in PT-symmetry OEOs, the single mode selection among large amounts of closely spaced modes is very challenging. In addition, the oscillation mode is fixed because the PT-symmetry breaking cannot be manipulated in previously reported PT-symmetry OEOs [24, 25] . Thus, the selective PT-symmetry breaking, which combines the advantages of MPF and PT symmetry, exhibits both excellent tunability and greatly enhanced gain difference between the selected mode and the competing modes. In our experiment, the obtained maximal SMSR based on PT-symmetry breaking is 71.41 dB, which is the largest SMSR in widely tunable OEOs reported in the literature. The wideband tunability is also demonstrated due to the selective PT symmetry. In addition, the selective PT-symmetry breaking can also be used to effectively enhance the maximum output power of the desired mode.
Further, an extended investigation on the OEO based on selective PT-symmetry breaking is launched by increasing the loop length to 2 km. The corresponding mode spacing is reduced to about one half and the gain difference between the selected mode and the next-highest competing mode is much smaller. In this case, the selective breaking of PT symmetry for the mode with the peak gain is more difficult. Accordingly, the unwanted multi modes are more difficult to be suppressed completely. Fig. (6) shows the zoom-in view of the spectrum with a 300-kHz span and a 1-kHz RBW. The competing modes can be clearly identified with a mode spacing of 87 kHz, which is in good agreement with the loop length of about 2 km. The SMSR is 53 dB, which is 16 dB lower than that of the OEO with 1-km loop length. The measured phase noise of the OEO with 2-km loop length at 17.74 GHz is shown as the red curve in Fig. 7 . It can be observed that the phase noise is -129 dBc/Hz at 10 kHz offset frequency, which is 10 dB lower than that of the OEO with 1-km loop length. It can be concluded that although the SMSR is slightly degraded, the phase noise at 10 kHz offset frequency is reduced by 10 dB. In addition, the phase noise performance of a commercial microwave source (Agilent E8247C) at 17.74 GHz is also measured as the blue curve in Fig. 7 for comparison. It can be observed that the phase noise of the proposed OEO with 2-km loop length is 20 dB lower than that of the commercial microwave source at 10 kHz offset frequency. It should be noted that the typical limit of the phase noise measurement of the ESA is -129 dBc/Hz at 10 kHz offset frequency according to the datasheet [32] . Thus, the phase noise of the proposed OEO has reached the limit of our measuring equipment. Maybe lower phase noise can be observed by using an ESA with lower measurement limit. It can be also observed that the phase noise at frequency offsets lower than 200 Hz is higher than that of the commercial microwave source because the long fiber in OEO can be affected by environmental perturbations. If desired, a phase locked loop can be incorporated in the OEO loop to reduce the phase noise at low offset frequency and improve long-term stability. 
CONCLUSION
In conclusion, we have proposed and experimentally demonstrated a widely tunable OEO based on selective PT-symmetry breaking. Our experimental results show that the selective breaking of PT symmetry can be used to enforce single-mode oscillation in the optoelectronic hybrid cavity of the OEO. Single mode oscillation at 17.74 GHz with a 71.41-dB SMSR is achieved in the case of 1-km loop length. In our proposed OEO, the incorporated MPF with large roll-off can definitely enhance the oscillation-mode gain difference between the selected mode and competing modes in PT-symmetry system. This can help to select the mode with peak gain more easily compared with the case when only microwave filtering technique or only PT symmetry is used. Further, the selective breaking of PT symmetry also enhances the maximum output power of the selected mode by 12.91 dB. Simultaneously, the oscillation frequency of the OEO can be tuned from 0 to 40 GHz. When the optical fiber is increased to 2 km, the phase noise of the OEO is reduced to -129 dBc/Hz at the 10 kHz offset frequency at 17.74 GHz. The exploitation of the selective PT-symmetry breaking provides the possibility of developing classes of widely tunable OEO with ultra-high SMSR and excellent phase noise performance.
MATERIALS AND METHODS
The proposed OEO based on selective breaking of PT-symmetric in this letter consisted of available commercial optoelectronic components. The LD and the TLD are the NKT E15 with maximum output power of 18 dBm. The open-loop response of the proposed OEO is measured by the VNA (Anritsu MS4647B). The spectra and phase noise of the generated microwave signal are measured by the ESA (Keysight N9030A), with the phase noise measurement limit of -129 dBc/Hz at 10 kHz offset frequency.
